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Abstract 
An early warning system has been set up in order to forecast soluble manganese concentrations in the epilimnion of 
Advancetown Lake, Australia, 7 days ahead. The input data are automatically collected mainly from a in-situ vertical profiler and 
transferred to a data-driven model that was able to predict the 2012 and 2013 winter turnovers and manganese critical 
concentrations with high accuracy. Eventually, the outputs are displayed with the use of a graphical user-friendly interface. The 
created early warning systems brought to a drastic reduction of expensive water samplings and laboratory analysis and to a more 
efficient water treatment management. 
© 2014 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the Organizing Committee of WDSA 2014.  
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1. Introduction 
High manganese (Mn) concentrations in drinking water reservoirs are one of the major concerns for many bulk 
water suppliers, since critical levels (i.e. > 0.02 mg/L) can lead to discoloration of the water (e.g. brown or black) 
and negatively impact taste of the potable water supplied to the customer: understanding its cycle in a lake or 
reservoir is of paramount importance for the water utility. This is typically determined by an interrelation of physical 
and biogeochemical processes, but in case of subtropical, warm monomictic reservoirs, which are thermally 
stratified for most of the year, Mn concentrations are very low in the epilimnion (i.e. the upper, warmer layer of 
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water) [1]. On the other hand, in the typically acidic and anoxic lower layer, called hypolimnion, the insoluble Mn 
stored in the bottom and suspended sediments is reduced to its soluble form, thus its concentration gradually 
increases over the stratification season. In reservoirs such as Advancetown Lake, one of the locations of this study, 
an intake tower allows withdrawing the raw water from the most convenient depth; because of the high Mn and 
other nutrients concentrations in the hypolimnion, the epilimnion typically represents the best location. However, 
during winter, the stratification is broken and a full lake circulation occurs; during this period, the soluble Mn 
present in high amounts in the hypolimnion evenly spreads out through the water column: critical Mn concentrations 
are detected also in the epilimnion [2], thus effective and timely Mn removal procedures must be implemented. 
Whenever the detected soluble Mn concentration exceeds 0.02 mg/L, pre-filter chlorination takes place in order to 
remove the excess Mn; in case of much higher Mn loads (i.e. > 0.18 mg/L), the addition of potassium permanganate 
will help in oxidizing and removing Mn. 
Typically, in South-East Queensland reservoirs, Mn is monitored through weekly manual lake water samplings 
and subsequent laboratory analyses. In the recent years though, vertical profiling systems (VPS) have been installed 
in several reservoirs: the VPS consists of a YSI Sonde suspended by a cable to a floating buoy which is 
automatically winched up and down the water column and water quality parameters such as water temperature, 
dissolved oxygen, pH, conductivity and redox potential are relayed via telemetry for the whole profile every 3 hours. 
The introduction of the VPS has effectively brought to remarkable economical benefits from a water quality 
monitoring perspective; however, costly, time-consuming manual samplings and analyses are still necessary for 
determining Mn levels. Since previous studies [e.g. 3, 4] showed correlations between some of the parameters 
measured by the VPS and Mn concentrations, there is potential for the creation of a Mn prediction model and a 
related VPS-based Mn early warning system. 
2. Research Methods 
2.1. Research domain and data collection 
Advancetown Lake (Fig.1), also called Hinze Dam (153.28°E, 28.06°S), is a subtropical reservoir located in 
South-east Queensland, Australia. It supplies most of the water provided to the Gold Coast region. The dam was 
originally constructed in 1976 immediately downstream of the confluence between the Nerang River and the Little 
Nerang Creek, creating an initial water storage capacity of 42,400 ML. However, two subsequent upgrades (the last 
one, ‘Stage 3’, completed in 2011) raised its capacity to the current 310,730 ML with an average depth of 32 m. The 
surface area is 9.72 km2 while the catchment area covers 207 km2, mostly contained within state forests and national 
parks. An intake tower located next to the dam draws water from the most convenient depth at five-meters intervals, 
redirecting it to the closest treatment plant, situated 10 km northeast of the reservoir. Directly upstream of 
Advancetown Lake lies Little Nerang Dam (153.28°E, 28.14°S), which was completed in 1961 and was the first 
source of potable water for the Gold Coast region. It is now only a secondary source of drinking water, with a 
maximum capacity of 6705 ML and a catchment area of 35.2 km2. 
Through an effective collaboration with Seqwater, the main bulk water supplier in South-East Queensland region, 
historical lake monitoring data were made available. For Advancetown Lake, weekly manual samplings data from 
2000 to 2012 were retrieved, along with VPS data from 2008 (when it was installed) to 2013. Manual samplings 
data for Little Nerang were available from 1983 to 2013, however the VPS was only recently installed and not 
enough data for reliable statistical analysis were available yet. Further weather data were collected from the 
Australian Bureau of Meteorology, while river data were available from the Department of Energy and Resources 
Management of the Queensland Government.  
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Fig. 1. Advancetown Lake and Little Nerang Dam map 
2.2. Data analysis and model construction 
The collected data were firstly filtered and arranged in time-series formats. Subsequently, statistical tests were 
performed to detect nonlinearities, non-normalities, bimodalities and other form of complexities as recently done in 
other studies. Moreover, algorithms performing linear and nonlinear regression analysis were applied in order to 
find correlations between each pair of variables. The results show how most of the time series present complexities, 
as it could have been expected for environmental systems. However, recent studies [5] found very high nonlinear 
correlations between variables such as soluble epilimnetic Mn and water column temperature differential (ΔTw), 
with peak Mn concentrations in the epilimnion occurring when the same temperature was reached throughout the 
water column (i.e. at the beginning of the lake circulation). These findings were confirmed for Little Nerang dam. 
Since water temperature is a parameter easily and reliably measured by the VPS, a model can be built, based on 
water temperature forecasts, able to predict soluble Mn in the epilimnion in turn [5]. Water temperature is highly 
related to air temperature thus, by using air temperature forecasts, water temperature can be predicted with high 
accuracy [5]. A model for Advancetown Lake was built and validated with an independent set of data (2012), and in 
real time for 2013. The model for Little Nerang is going to be completed and used for a real-time validation by 
predicting the critical winter 2014 Mn concentrations. Likewise, the model for Advancetown Lake will be used 
again for the same purpose. 
2.3. Early warning system development 
Fig. 2 shows how the model is encapsulated into an expert system providing real-time early warnings to 
treatment operators. Firstly, the newest data are retrieved from different sources: the Bureau of Meteorology website 
provides air temperature forecasts up to one week ahead, which are collected by the system. Also, the latest VPS 
data are provided by Seqwater within a file stored in a network Dropbox folder and continuously updated. An MS-
Windows based program has been developed, in Object Pascal in the RAD Studio (Delphi) environment, that firstly 
retries this data file by FTP (File Transfer Protocol). The program then extracts the data from the retrieved data file, 
and formats to an MS-Excel data file after preprocessing the data, which is necessary in order to calculate the 
required variables (e.g. the average forecasted air temperature for the following week ௔ܶప௥തതതതതሺݐሻ, or the current water 
column temperature differential ΔT(t)) and to deal with possible missing values. This MS-Excel data file is then 
utilized by the MS-Excel Mn model, to obtain predictions for the Mn level for the next seven days with the 
procedure illustrated in Fig. 3. One single water sampling will be necessary with the lake winter turnover 
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approaching, in order to obtain a better estimate of the peak value of the epilimnetic Mn, calculated by Part 3 of the 
model. The predicted values from the MS-Excel Mn model are then stored to a local data file. The MS-Windows 
based program then reads the data from the local stored data file, and presents this data in a GUI output.  The GUI 
output is a stylized image of the dam, which provides a graphical view of the water height and graphical indicators 
of the next seven days Mn predictions. 
The RAD Studio (Delphi) environment was selected for the development environment, due to its ability to 
compile the application to multiple platforms. The RAD Studio (Delphi) environment can compile a program for 
MS-Windows, Apple MAC, Linux, iPAD, and Android systems.  Currently only the MS-Windows is being utilised, 
but the ability to compile an application for other platforms is a future enhancement. 
 
 
Fig. 2. Expert system flow chart 
3. Model Application 
3.1. Mn prediction model development and validation 
In Fig. 3 the structure of Mn model for Advancetown Lake is presented [5]. Because of the hysteresis cycle 
between air and water temperature, a threshold seasonal nonlinear regression model was used to predict the variation 
on the water column temperature differential 7 days ahead ΔT(t+7), by using the current water column temperature 
differential ΔT(t) and the average forecasted air temperature for the 7 days ahead  ௔ܶప௥തതതതതሺݐሻ achieving a correlation 
coefficient of 0.97. The use of forecasted air temperature values does not affect significantly the model performance, 
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since it is a parameter easy to predict fairly accurately, and considering the average air temperature for the whole 
week ahead will smooth a single error out. The forecasted water temperature differential is then used to predict 
soluble Mn concentrations in the epilimnion Mnsol,ep(t+7), with a third part of the model able to correct the peak 
concentration prediction based on the water temperature during the lake turnover T(t) and on the amount of Mn 
stored in the hypolimnion at the onset of the circulation Mnsol,hyp(t). The final prediction yielded a correlation 
coefficient of 0.86 for 2012 (Fig. 4) and of 0.76 for 2013. Importantly, all the critical events were predicted 
reasonably well both in terms of timing and in terms of peak values. The preliminary work conducted on Little 
Nerang dam showed similar correlations, which are promising for building another highly performing model, 
despite the differences in dam’s sizes and altitudes.   
 
 
Fig. 3. Advancetown Lake Mn model structure and core analysis parts as in [5]. 
 
Fig. 4. Mn model prediction for Advancetown Lake, validation set 2012  
3.2. Illustrative application of developed expert system 
The results of the Mn model are transferred to the GUI (Fig. 5), which shows the epilimnion of the lake divided 
in 7 sections (standing for the 7 days ahead of prediction), each colored differently according to the concentration 
forecasted: green for values lower than 0.02 mg/L, which would not require any additional treatment; yellow for 
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values included between 0.02 mg/L and 0.18mg/L, which would require pre-filter chlorination to be applied in order 
to avoid water discoloration; and red for values higher than 0.18 mg/L, which would also imply the use of potassium 
permanganate for an efficient soluble Mn removal. The GUI also provides the dam level and the heights and 
numbers of the gates of the intake tower, with the active one colored in green: this would help the operators to 
quickly realize if, because of the predicted Mn concentrations, it would be necessary to close the active gate and 
open another one. In the GUI, the Mn values closer to the dam wall are the ones closer in time (e.g. the closest 
represents the one day ahead prediction), and thus requiring more attention; contrariwise, the closest to the VPS 
represents the 7 days ahead prediction. In the illustrative example of Fig. 5, soluble epilimnetic Mn will stay below 
critical levels for the 2 subsequent days, but the concentration will increase after 3 days, reaching levels requiring 
Mn removal by chlorination and even the use of potassium permanganate 7 days ahead. 
 
 
Fig. 5. GUI for the Mn prediction model for Advancetown Lake 
4. Conclusions 
An early warning system has been developed in order to forecast soluble Mn concentrations in the epilimnion of 
the subtropical monomictic Advancetown Lake, mainly based on continuously collected VPS data. The core part of 
the system, i.e. the prediction model, was able to achieve high performance (e.g. R > 0.75) in forecasting Mn levels 
up to 7 days ahead. Importantly, the critical peak events were accurately predicted, both in terms of timing and in 
terms of peak values. The model is part of a real-time expert system, which extracts data from different sources and 
calculates the inputs for the model; a GUI displaying the model outputs is accessible to the treatment operators and 
assists them in a better decision-making. 
Since the model was successfully validated, the manual water samplings, and subsequent laboratory analyses, 
have been drastically reduced, if not cancelled, especially throughout the stratification season. With promising 
preliminary results obtained for a smaller, slightly colder reservoir (i.e. Little Nerang dam), there is potential for the 
application of the Mn early warning system to multiple reservoirs with similar stratification characteristics, thus 
bringing to remarkable economical savings and to a better water treatment management.  
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